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ABSTRACT 
 
Paulet, Julia Elizabeth.  M.S., Department of Neuroscience, Cell Biology, and Physiology, 
Wright State University, 2012.  Maturation of the Carotid Body Oxygen-Sensor During Rat 
Development.   
 
 Carotid bodies (CB) are paired, oxygen-sensing organs located in the bifurcation of 
the carotid artery that act as peripheral chemoreceptors in the detection of hypoxic, 
hypercapnic and acidotic levels in the arterial blood.  CBs respond to these fluctuations in 
blood gases by initiating firing of the carotid sinus nerve. This ultimately results in the 
appropriate ventilatory change to restore blood gases to their physiological levels.  Studies 
have shown that the hypoxic response of the carotid body in juvenile mammals is low, but as 
maturation occurs this response is strengthened and clearly exhibited in adults.  One theory 
suggests mitochondria play a vital role in the oxygen sensitivity of Type I cells in carotid 
bodies.  The experimental hypothesis of this project is that mitochondria in the oxygen 
sensing Type I cells of rat carotid bodies change in number and /or distribution during the 
development of the acute hypoxic ventilatory response.  Type I cells were isolated from 
juvenile (4-6 days) and mature (14-16 days) rat carotid bodies and loaded with mitotracker to 
quantify mitochondrial content.  Data obtained demonstrated a significant reduction in the 
total volume of mitochondria in Type I cells during development which was not paralleled by 
a fall in metabolic rate, indicating an increase in the rate of mitochondrial oxidative 
phosphorylation.  These findings suggest that change in mitochondrial content during the 
development of the hypoxic response might be crucial for this mechanism’s development.   
This work has appeared in abstract form at the Ohio Physiological Society meeting 2011, 
Chilean Physiological Society meeting 2011, Experimental Biology 2012 and the 
Physiological Society Meeting 2012.  
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I:  INTRODUCTION 
 
HISTORY 
 
 In the 1600’s, a Danish anatomist by the name of Jacques-Bénigne Winslow, was the 
first to describe the Carotid Body (CB) (Kellogg, 1981).  After Winslow, Carl Samuel 
Andersch went on to explain the CB as a type of “ganglion” in the 1750’s (Kellogg, 1981).  
Later, Hubert Luschka then improved the anatomical description in 1862, saying the CB was 
a “gland” due to the “glandular-looking cells” and the “very fine nerve fibers” associated 
with them (McDonald, 1981).  However, in 1926, some of the most important histological 
discoveries were made by Santiago Ramón y Cajal and Fernando de Castro.  De Castro stated 
the CB was able to detect substances in the blood and had an endocrine-like function; thus, 
responded by a release of a secretion (de Castro, 1926).  In 1928, he rejected the 
neurosecretory hypothesis and embraced a new theory of the CB cells as a sensory 
mechanism capable of detecting changes in the blood  (de Castro, 1928).      
 In 1930, Corneille Heymans strove to perfect cross-circulation techniques via 
parabiosis.  With these experiments, Heymans proved that the chemoreceptors in the CB 
elicited a response as a result of the change in the arterial blood composition (Fitzgerald and 
Lahiri, 1996).  The parabiosis was demonstrated by connecting the arteries of canine A, to 
the head of canine B (see figure 1).  Upon exposing canine A to hypoxia, it was canine B that 
responded by hyperventilating (Heymans et al, 1930).  Heymans determined that it was the 
carotid bodies that were mediating the hyperventilatory response. For this pioneering work, 
Heymans won the Nobel Prize in 1938 (Fitzgerald and Lahiri, 1996). 
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Figure 1 
Heymans’ experiment in which two living canines were attached via parabiosis.  The thoracic 
vessels of Canine A were connected to the cervical vessels of Canine B.  Canine A was 
subjected to hypoxic conditions resulting in a hyperventilatory response by Canine B. 
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ANATOMY 
 
 
 The Carotid Bodies (CB) are small oxygen sensing organs that can be found at the 
bifurcation of the common carotid arteries.  These organs function as chemoreceptors by 
detecting arterial partial pressure of oxygen (PO2), partial pressure of carbon dioxide (PCO2) 
and pH levels.  They largely contribute to the hyperventilatory response seen during  
hypoxia, hypercapnia and metabolic acidosis (Gonzalez et al, 1994).   
 
 Ganglioglomerular nerves, branches of the superior cervical ganglion (SCG), provide 
sympathetic innervation to the CB, and are also the main efferent component in regulating 
blood flow to the bifurcation (Gonzalez et al, 1994). The carotid sinus nerve (CSN), a branch 
of the glossopharyngeal nerve, joins with filaments of the vagus nerve to provide both 
sympathetic and parasympathetic influence over the CB (Gonzalez et al, 1994).  The CSN 
exits the CB and its cell bodies lie in the Petrosal ganglion.  Projections of the CSN terminate 
ipsilaterally and bilaterally in the nucleus of the solitary tract via the Glossopharyngeal nerve, 
acting as the main source of afferent input (Finley and Katz, 1992).  The action potential is 
then propagated to communicate with the central pattern generator to supply motor neurons 
innervating the diaphragm via the phrenic nerve.  The frequency of action potentials 
generated are regulated by the release of neurotransmitters from the CB, which ultimately 
control the hyperventilatory response.    
 
 The ultrastructure of the parenchyma in the CB is composed of two types of cells: 
Type I cells (glomus) and Type II cells (sustentacular) (Lahiri et al, 2006) (see figure 2).  The 
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Type I cells populate a majority of the CB, as they are the primary source of sensory 
receptors accountable for the detection of inappropriate arterial PO2, PCO2 and pH levels 
(Stea and Nurse, 1991, Heymans et al, 1930).  The Type I cells are responsible for the release 
of the neurotransmitters mentioned previously.  Upon the falling of PO2 and pH levels, or the 
rising of PCO2 levels, Type I cells respond to this detection by discharging neurotransmitters 
and initiating an action potential down the CSN.  Cellular communication occurs between 
Type I cells and nerve endings via gap junctions (McDonald, 1981).  The function of Type II 
cells, on the other hand, is thought to be comparable to that of a glial cell in the nervous 
system.  
 
TYPE I CELL SIGNAL TRANSDUCTION 
 Carotid Body Type I cells’ hypoxic-excitation reaction is correlated with O2 sensitive 
ion channels, specifically K+ channels (Shimoda and Polak, 2010).  In the rat, two types of 
chemosensitive K+ channels exist: the high-conductance Ca2+-dependent K+ channels and the 
TASK-like background K+ channels (Peers, 1990, Buckler et al, 2000, Buckler, 1997).  
Inhibition of these K+ channels, as a result of exposure to hypoxic conditions, leads to a 
membrane depolarization.  Once membrane depolarization takes place, voltage-gated Ca2+ 
channels open and cause an influx of intracellular Ca2+ (Buckler and Vaughan-Jones, 1994) 
and there is a consequential release of neurotransmitters (Gonzalez et al, 1994).  There are 
two existing hypotheses that attempt to explain the cause of the K+ channels’ inhibition: the 
membrane hypothesis and the mitochondrial hypothesis.            
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Figure 2 
A schematic demonstrating the anatomical location of the carotid body (CB).  A.  The CB 
shown at the bifurcation of the common carotid artery (CCA), lying on the internal carotid 
artery (ICA) across from the external carotid artery (ECA).  B.  Type I cells enveloped by 
type II cells in the CB.  Type I cells are innervated by the carotid sinus nerve (CSN). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 7 
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MEMBRANE HYPOTHESIS 
 During hypoxia, plasma membrane K+ channels are inhibited (Lopez-Barneo et al, 
1988).  This inhibition leads to Type I cell depolarization and an increase in intracellular Ca2+ 
via voltage-gated Ca2+ channels.  There are many classes of K+ channels that exist; however, 
the specific K+ channels that contribute to the depolarization of the Type I cells vary from 
species to species (Prabhakar, 2000).  For the sake of brevity only the two types of K+ 
channels, which are chemosensitive in the rat, will be discussed. 
It has been suggested that the first type of channel, high-conductance Ca2+ - 
dependent K+ (BK) channels, plays an important role in regulating the hypoxic response of 
Type I cells (Peers, 1990).  Some BK channels can be found in the open state at resting 
membrane potential, thus implying a possible function in propagation of action potentials 
(Lahiri et al, 2006, Wyatt & Peers, 1995).  Williams et al (2004) describe an enzyme that is 
responsible for oxygen sensing known as hemeoxgenase-2 (HO-2), which has a primary 
purpose of creating carbon monoxide (CO).  BK channels are activated by this CO resulting 
from the work of the HO-2 (Williams et al, 2004, Kemp, 2005).  In a hypoxic situation, 
however, CO levels become so low it is impossible to sustain activation of BK channels in 
Type I cells (Kemp 2005).  Interestingly enough, Ortega-Saenz et al (2006) used HO-2 null 
mice to show unchanged CB output in response to hypoxia, thus proposing that HO-2 may 
not be the sole O2 sensor, or involved at all.              
 A second type of O2-sensing K+ channel was discovered to be open at resting 
membrane potential in Type I cells known as Twik-related acid sensing K+ (TASK-like) 
channels (Lahiri et al, 2006).  Although these channels were first thought to be voltage-
insensitive background K+ channels (Buckler, 1997), it was later discovered these channels 
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bared a similar resemblance to TASK channels, hence the name “TASK-like” (Buckler et al, 
2000).  There are a variety of TASK-like channels expressed in Type I cells including 
TASK-1, TASK-3 and a TASK-1/TASK-3 heteromer (Kim et al, 2009).  The heteromer is 
accountable for a majority of the oxygen-sensing background K+ current according to Kim et 
al (2009).  Hypoxia leads to an inhibition of TASK channels resulting in depolarization of 
Type I cells and ultimately causing an influx of [Ca2+]i (Buckler et al, 2000, Buckler, 1997).  
In addition to hypoxic conditions, mitochondrial uncouplers and inhibitors are also known to 
inhibit TASK channel activity.  Moreover, these channels are sensitive to mitochondrial 
metabolism, providing the implication that they are capable of detecting O2 levels in blood 
via a mitochondrial mechanism rather than a membrane-delimited one.  This demonstrates 
the potential necessity of mitochondria for hypoxic inhibition of the chemosensitive TASK-
like channels in Type I cells of the CB (Buckler, 2006).                         
 There are some pharmacological and patch-clamp studies that indicate the membrane 
alone is not solely responsible for Type I cell depolarization.  Using various patch-clamp 
techniques, it has been demonstrated that hypoxia affects BK channels differently.  Riesco-
Fagundo et al (2001) demonstrated that BK channels of Type I cells are sensitive to hypoxia 
with the whole-cell and inside-out configuration.  However, Wyatt and Peers (1995) showed 
when using the outside-out patch-clamp configuration, the same channels were no longer 
sensitive to hypoxia. These different results illustrate that an important factor is lost from the 
contents of the cytoplasm through varied methods of technique, suggesting another 
component is necessary for depolarization.   
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MITOCHONDRIAL HYPOTHESIS 
 Mitochondria are able to produce ATP via the process of oxidative phosphorylation.  
This is possible due to the fact that oxygen serves as the final electron acceptor in cellular 
respiration.  Upon a scarce amount of oxygen, cells cease the practice of oxidative 
phosphorylation, and become dependent on other mechanisms for energy production.  
Demonstrating the vital role oxygen plays in this process led to the development of the 
mitochondrial hypothesis of type I cell transduction (Lahiri et al, 2006).  Mills and Jobsis 
(1972) have shown further support for this hypothesis by suggesting that specific complexes 
of mitochondria in Type I cells must have a low affinity for oxygen in order for oxygen 
sensing to occur.  Depolarization of the mitochondrial membrane in Type I cells occurs 
during hypoxia at 60 mm Hg O2; however, in non-oxygen-sensing chromaffin cells of the 
adrenal gland and sensory neurons of the dorsal root ganglion, depolarization of the 
mitochondrial membrane does not occur until an almost anoxic state is reached at 5 mm Hg 
O2 (Duchen and Biscoe, 1992a, Duchen and Biscoe, 1992b).  These studies demonstrate that 
the response to hypoxia of mitochondria in Type I cells is specialized.       
 The effects of hypoxia cause an increase in [Ca2+]i in Type I cells which ultimately 
leads to a release in neurotransmitters acting post-synaptically on the CSN.     
Some compounds have been used to pharmacologically mimic these effects of hypoxia, such 
as mitochondrial electron transport chain inhibitors and uncouplers, as well as ATP synthase 
inhibitors.  This was first demonstrated in 1931 when Heymans et al used cyanide, a 
recognized mitochondrial IV complex inhibitor in order to increase CB activity.  An ATP 
synthase inhibitor, Oligomycin, was used to inhibit ATP mitochondrial production, 
ultimately uncovering a connection between the function of mitochondria and increased 
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activity of the CSN due to hypoxia (Wyatt and Buckler, 2004).  Specific mitochondrial 
inhibitors also cause an increase in [Ca2+]i in addition to inhibition of background K+ 
channels (Wyatt and Buckler, 2004).  These mitochondrial inhibitors also prevent Type I 
cells from responding to hypoxia suggesting a similar mechanism mediating both of these 
processes (Mulligan et al, 1981).   
 It is not well understood how the mitochondria of Type I cells couple to the K+ 
channels of the plasma membrane; however, one possible theory suggests ATP regulates 
TASK-like K+ channels such that when there is a decrease in ATP levels, K+ channels 
become inhibited (Varas, Wyatt and Buckler, 2007).  Another theory involves AMP-
activated protein kinase (AMPK).  As a result of decreased ATP levels, there is an increase in 
the AMP/ATP ratio, ultimately leading to activation of AMPK.  This activation of AMPK 
causes an inhibition of K+ channels.  This inhibition then produces a depolarization of the 
cell activating the voltage-dependent calcium channels.  A calcium influx generates the 
release of neurotransmitters from CB Type I cells (Evans, 2006, Wyatt et al, 2007). 
 
DEVELOPMENT OF THE HYPOXIC RESPONSE 
 This thesis will focus on the development of the hypoxic response in CB Type I cells 
from juvenile to mature rats.  Specific differences between the juvenile and mature rat Type I 
cells exist; however, at some point during the course of maturation, the hypoxia response 
mechanism develops.  Although several associations that contribute to this process have been 
recognized, there are many factors that still remain unknown. 
 It has been established by in vivo observation that the hypoxic ventilatory response is 
weak in newborns and stronger in mature adults.  Chemoreceptors discharge in the fetus at a 
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much lower frequency than chemoreceptors in the adult at the same PO2.  (Blanco et al, 
1984). Within the few first days of life, a biphasic respiratory response to acute hypoxia is 
demonstrated by newborns of various species.  This differs greatly from the response seen in 
mature animals to acute hypoxic conditions in which a sustained hyperventilation is shown  
(Eden & Hanson, 1986).         
 It is known that the hypoxic ventilatory response is mediated by the carotid body and  
in 1985, Pietruschka was the first to isolate Type I cells from the CB and show these cells 
were capable of responding to hypoxia (Pietruschka, 1985).  Kholwadwala and Donnelly 
then demonstrated in a rat in vitro CB-CSN preparation that hypoxia results in weak CSN 
firing in newborns, but strong firing in animals two weeks and older (Kholwadwala & 
Donnelly, 1991).  This demonstrated the maturation of the hypoxic response in the CB (see 
figure 3).  Focus was then concentrated onto the Type I cells of the CB in order to determine 
if this was the location within the CB that was responsible for the maturation of oxygen-
sensing.  To this end  Bamford et al (1999) looked at the hypoxic responses in Type I cells 
using Ca2+ imaging and electrophysiology.  They discovered O2 sensitivity in Type I cells 
develop over the same time frame as that seen in vivo and also in the in vitro CB-CSN 
preparation.  It was shown that young Type I cells were not excited by hypoxia, while mature 
Type I cells were (Bamford et al, 1999).  Why this occurred was now the primary standing 
question of investigation.   
 Kim et al used electrophysiology to show that TASK channels are not O2 sensitive in 
young Type I cells, however, as animals mature, these channels become O2 sensitive (see 
figure 4) (Kim et al, 2011).  Therefore, the oxygen sensor-transduction system must be  
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Figure 3 
Figure demonstrating firing activity of CSN measured in Hertz against age of juvenile and 
mature rats in hypoxic conditions.  Figure taken from Kholwadwala and Donnelly (1992). 
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Figure 4 
Figure showing activity of TASK K+ channels in juvenile and mature rat Type I cells in 
various environments that demonstrates the capability of 16 day old rat Type I cells to 
respond to hypoxic conditions and the inability of newborn rat Type I cells to respond to the 
same conditions. For example 2% O2 inhibits K+ channels in mature but not newborn rats. 
Taken from Kim et al, 2011. 
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maturing in these cells.  This is important because Kim’s data clearly demonstrates the 
channels themselves are not changing and remain the same from juvenile to mature rats 
despite the change in O2 sensitivity.  Currently, the primary question involves how the 
oxygen sensor is changing.    
 
HYPOTHESIS   
 It has been shown that juvenile mammals do not have a strong acute hypoxic response 
(Kholwadwala & Donnelly, 1992) and that oxygen sensitivity of TASK channels increases 
with age (Kim et al, 2011); however, the mechanism by which these events occur is not 
known.  This thesis will test the hypothesis that mitochondria are involved in the 
development of the hypoxic response and that changes occur in their distribution during this 
process.  The possibility of mitochondrial plasticity playing a vital role in this mechanism 
could potentially underpin the development of the hypoxic response.  
 
SUMMARY 
 The carotid bodies act as the primary peripheral chemoreceptors and are located at the 
bifurcation of the common carotid artery.  Type I cells of the CB are chemosensors, and 
possess the ability to detect changes in the levels of pH, CO2 and O2 in arterial blood 
composition.  When gas levels are perturbed, depolarization occurs resulting in a release of 
neurotransmitters.  Neurotransmitters provide a means of communication from the CB to the 
brainstem via the CSN.  Hyperventilation then ensues to restore homeostasis.     
The focus of this thesis is to identify changes in mitochondrial distribution in Type I 
cells during development from a non-oxygen sensing phenotype to a mature oxygen-sensing 
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phenotype.  This work aims to identify any differences in the physiological sensitivity and 
metabolic activity of mitochondrial electron transport to hypoxia in young non-oxygen 
sensing Type I cells and mature oxygen sensing Type I cells.  
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II:  MATERIALS AND METHODS 
All studies described in this paper were performed in accordance with protocols 
approved by the Wright State University Institutional Laboratory Animal Care and Use 
Committee (IACUC).  These protocols are in accordance with the National Institute of 
Health guide for the care and use of laboratory animals (NIH publications No. 80-23) revised 
1996.  
 
DISSECTION AND DISSOCIATION OF JUVENILE AND MATURE RAT CAROTID 
BODY TYPE I CELLS 
 On days of experimentation, two to three juvenile Sprague Dawley rats (aged 4-6 
days) or mature Sprague Dawley rats (aged 14-16 days) were placed into a chamber supplied 
with 4.5% isofluorane and oxygen to provide anesthesia for the animal.  Once the animal was 
pronounced unconscious and fully anesthetized, it was removed from the chamber and placed 
under a microscope, where a gas mask continuously supplied anesthesia to the animal 
throughout the course of surgery.  A foot pinch withdrawal reflex was performed on the 
animal to ensure full anesthetization.  Upon a negative result of this test, the forelegs of the 
rat were taped down, followed by an incision made along the sternum exposing the 
subcutaneous fascia below.  Once exposed, the salivary glands and lateral tracheal muscles 
were removed using fine forceps (Moria, Fine Science Tools, USA) in order to reveal the 
common carotid bifurcation.  Meticulous dissections were performed in order to assure no 
damage to the surrounding blood vessels.   
 Using a dissection microscope (Omâna, Japan) under low magnification, further 
connective tissue was removed where the common carotid arterial bifurcation was displayed.  
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The overlying vagus nerve was snapped, followed by a retraction of the occipital carotid 
artery to exhibit the carotid body.  The organ was then carefully removed with forceps, and 
placed directly into ice-cold, Dulbecco’s phosphate buffered saline (DPBS) without Ca2+ or 
Mg2+ (Sigma).  Following the removal of the carotid body, the rats were euthanized by 
decapitation while still deeply anesthetized.  The bodies were disposed of according to the 
Lab Animal Research specifications.  In the lab, the connective tissue remnants were 
removed from the four to six carotid bodies using the fine forceps underneath the Omâna 
dissecting microscope. 
 The cleaned carotid bodies were then placed in a digestive enzyme solution (0.4mg 
ml-1 collagenase type I, 220u mg-1 (Worthington Biochemical Corporation), 0.2mg ml-1 
trypsin type I, 8550 BAEE u mg-1 (Sigma)) in DPBS with low CaCl2 (86μM) and MgCl2 
(350μM) for 20 minutes at 37°C to digest the connective tissue holding the carotid body 
together.  The carotid bodies were teased apart and incubated at 37°C for 7 minutes.  After 
the last digestion, the carotid body tissue was removed from the Petri dish using a fire-
polished, silanized (Sigmacote, Sigma) Pasteur pipette and placed into a test tube.  The tissue 
was triturated and centrifuged at 770 rpm (200 x g) for 5 minutes.  The cells were then re-
suspended in tissue culture medium (Ham’s F12 (Sigma) supplemented with 10% heat 
inactivated fetal bovine serum (Biowest)), centrifuged again for 5 minutes at 770 rpm (200 x 
g), re-suspended in tissue culture medium, and plated onto 35 mm diameter Fluoro dishes 
with 10 mm diameter cover glass bottoms (World Precision Instruments) coated with poly-d-
lysine (0.01% w/v) for imaging.  Fluoro dishes were then maintained at 37°C in a humidified, 
5% CO2/air incubator.  Cells were allowed to adhere to the dishes for 2 hours, and all cells 
were used for experimentation within 8 hours.            
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DISSECTION AND DISSOCIATION OF JUVENILE AND MATURE RAT SUPERIOR 
CERVICAL GANGLION CELLS 
 The protocol for the superior cervical ganglion (SCG) dissection and dissociation is 
identical to the above protocol for CB type I cells with one exception:  0.1mg ml-1 trypsin 
type I, 8550 BAEE u mg-1 (Sigma) was used instead of 0.2mg ml-1.  The SCG is located just 
behind the carotid bifurcation.  Once retrieval of the SCG was accomplished, its tissues were 
broken up with forceps into smaller pieces that approximated the size of a CB.   
 
DYE PREPARATION AND STAINING TECHNIQUES 
 In order to image the live cells, a combination of three various dyes was developed 
for optimum demonstration of cellular and organelle boundaries.  First, the standard HEPES 
buffered salt solution was prepared using the following protocol: 8.12 g/L NaCl, 0.34 g/L 
KCl, 2.5 ml/L CaCl2, 1 ml/L MgCl2, 1.98 g/L glucose and 4.67 g/L HEPES (Sigma).  The pH 
of the solution was then adjusted to 7.4 with the addition of NaOH at room temperature by 
using a pH meter (Thermo Electron Corporation).  Mitotracker® Red CMXRos (50 nM), a 
mitochondrion-selective probe (Invitrogen), was used to stain the mitochondria within the 
cells a bright orange color.  1μl of the Mitotracker dye was then combined with 1ml of the 
HEPES buffered salt solution.  Hoechst 33342 (3.2 μM), a cell permeable nucleic acid stain 
(Invitrogen), was used to stain the nucleus of the cell blue.  1mg of Hoechst 33342 was 
combined with 1ml DPBS (with Ca2+ and Mg2+).  50 μl of the Mitotracker mix and 2 μl of 
the Hoechst Mix was then combined with 0.95 ml HEPES.  CellTracker™ Green CMFDA 
(10 μM), a molecular probe that stains the cellular contents green (Invitrogen), was then 
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added to the master mixture (1μl) to finalize the solution.  The mixture was kept in dark 
storage to ensure minimum light exposure for optimal quality. 
 Once cells had completed the incubation period of 2 hours to allow them to adhere to 
the glass, solution on the Fluoro dishes was drawn off and replaced by HEPES buffered salt 
solution in order to wash off the remainder of the culture medium.  The HEPES buffered salt 
solution was then extracted and replaced with the master dye mixture.  Dishes were placed in 
a dark area to sit for 30 minutes in order to allow dye loading.  After the 30 minutes, the dye 
solution was removed and cells were washed with the HEPES buffered salt solution twice.  
In order to maintain live cells for imaging, a third aliquot of HEPES buffered salt solution 
was left on the dish to ensure hydration.   
  
DELTAVISION DECONVOLUTION MICROSCOPE 
 The Deltavision deconvolution microscope (Applied Precision) was used to image the 
live, stained cells from the previous preparations.  This system consists of an inverted 
Olympus IX71 microscope with oil immersion capabilities, a 1.4 n.a. objective, 63X 
magnification and Coolsnap HQ CCD camera (Photometrics).  Fluoro dishes were placed  
under the objective to find cells that met the criteria for imaging, such as quality of staining, 
intact cellular membrane and standard shape/size.  Images were acquired using the following 
settings: 60x lens, 768 x 768 image size and an overall exposure time of 0.05 seconds.  A 
32% transmission was used for the Texas Red Channel (with a 617/73 nm emission and 
555/28 nm excitation), which corresponded to the Mitotracker staining.  A 10% transmission 
was used for Fluorescein isothiocyanate (FITC) (with a 528/38 nm emission and 490/20 nm 
excitation), which corresponded to CellTracker staining.  A 50% transmission for 4',6-
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diamidino-2-phenylindole (DAPI) (with a 457/50 nm emission and 360/40 nm excitation) 
corresponds to the Hoescht 33342 staining of the nucleus.  
 Once an image of a cell was acquired, the middle of the cell was located and the cell 
thickness was recorded (averaging 5-10 μm).  A Z-series of sections was collected in order to 
perform a 3D reconstruction in the future.  Sections were accomplished with a z-step of 0.25 
μm and a focal depth of 0.28 μm taken through isolated individual Type I cells.   
Deconvolution was performed with the correlating software program Softworx (Applied 
Precision), a process by which an image out of focus can be refocused, and stray light 
reassigned.    
 
IMARIS 
 Z-series sections were taken from the Deltavision microscope and transferred to the 
Imaris XT software program (version 7.0.0, Bitplane Scientific Software, Zürich, 
Switzerland) in order to create a 3D reconstructed image of the Type I cells captured, and 
quantify the mitochondria, nucleus and cell membrane by resurfacing.  Blurring caused by 
light reflections was reduced in all three channels.  Surfaces for the plasma membrane, the 
nucleus and the mitochondria were created in order to generate an Imaris rendered image.  
Mitochondrial, cellular and nuclear membrane volumes were obtained, as well as the cellular 
membrane surface area (SA).   
Formulas were derived to perform calculations in order to determine the amount of 
mitochondria within 1μm of the cellular plasma membrane.  A smaller surface was placed 
inside the cell membrane using a threshold value obtained from the following equation: 
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The size-reduced membrane surface was masked (duplicate channel, constant inside/outside, 
0.00 voxels inside).  The original membrane surface was then also masked (duplicate 
channel, constant inside/outside, 0.00 voxels outside).  A new surface was created around the 
masked mitochondria.  Mitochondrial volume of those located within 1 μm of cell periphery 
was noted. 
 For SCG cells, the Imaris software program was utilized as described previously. 
However, because the total mitochondrial volume and cellular volume were the main focus, 
only these values were obtained.  This second part of the study was only to serve as a control 
for total mitochondrial volume and cell size in non-oxygen sensing tissue, hence, the 
equation represented above was reserved for the CB Type I cell statistics.      
 
METABOLIC RATE EXPERIMENTS 
 The dye C12-Resazurin (Molecular Probes R-12204) was used to measure the 
metabolic rate of the mitochondria in both juvenile and mature rat CB Type I cells.  The non-
fluorescent C12-Resazurin is reduced within the inner mitochondrial membrane by the 
electron transport chain (Page et al,1993; McMillian et al, 2002) to produce red-fluorescent 
resorufin (see figure 5).  This reduction product exhibits enhanced cellular retention resulting 
in bright signals with an excitation at 870nm and peak emission at 587nm (Vybrant® Cell 
Metabolic Assay Kit).  The accumulation of its product was used to assess metabolic rate of 
the mitochondria.  20μl of anhydrous DMSO (Molecular Probes) was added to 80μg of 
lyophilized Resazurin powder to compose a 10mM concentration. The dye was first tested 
using HEK 293 cells in two different methods in order to confirm its effectiveness.      
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Figure 5 
Figure demonstrating the non-fluorescent dye C12-Resazurin being reduced in the 
mitochondria (grey/blue ovals) to its fluorescent form Resorufin.  Accumulation of Resorufin 
allowed for the measurement of metabolic activity. 
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CULTURE METHOD OF HEK 293 CELLS 
 One container of high glucose 1X DMEM (Invitrogen) was combined with 5ml of 
Penicillin-Streptomycin (Invitrogen) and 50ml 10% heat inactivated fetal bovine serum 
(Biowest).  The plate was washed with sterile phosphate buffered saline solution (PBS) and 
removed.  1ml of 0.25% Trypsin EDTA was placed on plate.  The plate was then incubated 
for approximately 1 minute.  After the incubation, 9ml of the DMEM mixed media was 
placed onto the plate.  Supernatant was then removed, put into a test tube and centrifuged at 
700 rpm for approximately 5 minutes.  The supernatant was then removed and the pellet of 
cells was resuspended in 10ml of the DMEM solution. The resuspended pellet was 
thoroughly triturated and 2ml aliquots were placed into sterile 75cm2 cell culture Corning 
Flasks (Corning Inc.).  Flasks were left to incubate at 37°C for 3-4 days in order to allow for 
approximately 80% confluent growth.  
 
SPECTROPHOTOMETRY 
 Spectrophotometry was the first method used to test the effectiveness of Resazurin 
fluorescence on populations of HEK 293 cells.  3.5μl of the 10mM Resazurin was combined 
with 3.5ml of the HEK 293 resuspension in DMEM media.  200μl aliquots were then placed 
into 3 wells of a black flat-bottom 96-well plate (Sigma-Aldrich).  Three wells served as 
various controls containing the following: DMEM alone, DMEM plus Resazurin and DMEM 
plus cells.  The 96-well plate was read by the spectrophotometer Safire2 (Tecan).  The 
predefined parameters for the corresponding software, MagellanTM data analysis program 
(Tecan) were then set to the following conditions in order to obtain raw data end point 
measurements: wavelength excitation of 563nm and emission of 587nm, bandwidth of 10nm, 
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temperature range held between 36°C-38°C, 10 readings with an integration time of 40ms, 
lag time of 0ms and optimized Z-sections at 11019 arbitrary fluorescent units.  An initial 
reading was taken to obtain baseline values.  The first two readings were taken in 15-minute 
intervals followed by the last two readings in 1-hour intervals.  The 96-well plates were kept 
incubated at 37°C and in the dark to minimize bleaching effects.   
 The experiment was then repeated under the same conditions with the exception of 
the HEK 293 cell pellet resuspended in a standard HEPES buffered salt solution (Sigma) at 
pH of 7.4.  The cells were kept at room temperature in place of incubation.  This trial 
experiment was conducted under the same predefined parameters as above, with readings 
obtained every 20 minutes.   
            
CONFOCAL MICROSCOPY 
 Confocal microscopy was the second method used to test the effectiveness of 
Resazurin fluorescence on single HEK 293 cells.  The HEK 293 cell pellet was resuspended 
in DMEM media and plated on a poly-d-lysine coated (0.01% w/v) 35 mm diameter Fluoro 
dish containing a 10 mm diameter cover glass bottom (World Precision Instruments) and 
incubated at 37°C overnight.  After approximately 18 hours of incubation, the supernatant of 
DMEM media was removed from the plate.  The plate was then washed with a standard 
buffered solution of HEPES.  3ml of HEPES was combined with 3μl of 10mM Resazurin and 
placed on the cells in an appropriate portion.  The cells were left for 15 minutes to allow for 
the uptake of dye before beginning the experiment.  The experiment was run with a two-
photon Olympus FV1000 multiphoton laser-scanning microscope connected to a Mai-Tai 
femtosecond pulse infrared laser (Spectraphyics, Santa Clara, CA, USA). The 25X water 
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immersion objective lens has a numerical aperture (N.A.) of 1.05. Images were analyzed 
using dedicated Fluoview software, which allows for a powerful digital zoom and pixel 
analysis of increasing fluorescence in digitally selected regions of interest. Images were 
acquired in five-minute intervals for up to one hour allowing a time series analysis to be 
performed, which were then presented in graphical form. This information was exported in a 
spreadsheet file for later analysis.  Cells are excited by the laser in two-photon mode at 
870nm and data collected in the RXD4 channel (comparable to Texas Red) which detects 
emission at 587 nm.  Acquired data was analyzed by obtaining the fluorescence of the dye in 
arbitrary units and subtracting the average background fluorescence (region of interest 
outside a cell).  
The 2-photon method of assessing resarufin accumulation was found to be more reliable than 
the spectrophotometric method and so it was used to compare metabolic activity in isolated 
Type I cells from juvenile and mature rats. 
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III:  RESULTS 
 
 MITOCHONDRIAL STUDIES IN CAROTID BODY TYPE I CELLS 
All protocols were followed precisely to ensure living and viable cells.  Specific 
criteria were established which cells must have met in order to be selected for this study.  An 
ideal model presented as a single, isolated, non-clustered cell possessing an intact plasma 
membrane. These tasks were simplified with the CellTracker dye, which clearly delineated 
the plasma membrane and its boundaries.  The average mitochondrial volume, cell volume, 
percent mitochondrial volume relative to cell size, mitochondrial volume located within one 
micron of the plasma membrane, and percentage of total mitochondrial volume targeted 
within one micron of the plasma membrane for juvenile (from 4-6 day old rats, n = 23) and 
mature (14-16 day old rats, n = 17) Type I cells were computed.  Data are presented as mean 
± standard error of mean.  Unpaired student’s t-test was used to determine the difference 
between individual means.  Statistical significance was indicated by a value of P < 0.05. 
 
MITOCHONDRIAL VOLUME 
 The average total mitochondrial volume calculated for juvenile rat CB Type I cells 
was 100.58 ± 13.62 μm3, while mature rat CB Type I cells was 22.60 ± 3.40 μm3.  Juvenile 
cells (n= 23) presented with a significantly larger volume of mitochondria (P<0.00003) than 
mature cells (n=17).  Juvenile cells contained approximately 78% more mitochondria in Type 
I cells than mature. Figure 6A demonstrates this relationship in a bar chart.  Figure 6B 
demonstrates a 3-D reconstruction of deconvolved DeltaVision images for representative 
juvenile and mature Type I cells. 
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Figure 6 
Total mitochondrial volume in juvenile and mature carotid body Type I cells. A. Bar chart 
showing differences in mitochondrial volume between juvenile and mature carotid body 
Type I cells (** P<0.00003). Bi. 3D reconstruction of deconvolved DeltaVision images for 
an example juvenile Type I cell (Mitotracker, orange; Hoechst 33342, blue). Bii. Imaris 
rendered 3D reconstruction of the cell in Bi. Biii. 3D reconstruction of deconvolved 
DeltaVision images for an example matureType I cell (Mitotracker, orange; Hoechst 33342, 
blue). Biv. Imaris rendered 3D reconstruction of the cell in Biii. Scale bar is 1.5 μm in all 
images. 
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CELL VOLUME 
 The average total cell volume of juvenile rat CB Type I cells was calculated to be 
483.03 ± 16.64 μm3, while mature rat CB Type I cells were 366.42 ± 15.99 μm3.  Juvenile 
cells were found to be significantly larger (P<0.00002) than mature cells.  Juvenile cells were 
approximately 24% larger than the mature cells.  Figure 7A shows a bar chart demonstrating 
the difference in cell volume between juvenile and mature cells.  A 3-D reconstruction of 
deconvolved DeltaVision images for representative juvenile and mature Type I cells is shown 
in Figure 7C.  When nuclear volume was taken into account juvenile cells were still 23% 
larger, indicating the cell and the nucleus shrinking to the same degree (data not shown). 
 
 
MITOCHONDRIAL VOLUME CORESPONDING TO CELL SIZE 
 
 The percent volume of mitochondria relative to cell size in juvenile rat CB Type I 
cells was calculated to be 20.69 ± 2.39 %, while mature rat CB Type I cells was 6.29 ± 0.92 
%.  Juvenile cells contained significantly more mitochondria relative to cell size (P<0.00001) 
than mature cells.  Approximately 70% more of the juvenile cell volume was occupied by 
mitochondria than in mature cells.  Figure 7B demonstrates this relationship in a bar chart.       
 
 
MITOCHONDRIAL VOLUME WITHIN ONE MICROMETER OF PLASMA MEMBANE 
 
 The total mitochondrial volume within one micrometer of the plasma membrane (see 
figure 8) in juvenile rat CB Type I cells was calculated to be 33.82 ± 7.46 μm3, while mature 
rat CB Type I cells was 7.09 ± 1.67 μm3.  Juvenile cells had significantly more mitochondria 
(P<0.004) located within one micron of the plasma membrane compared to mature cells.   
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Figure 7 
 
Total cell volume and percent volume of mitochondria relative to cell size in juvenile and 
mature carotid body Type I cells.  A. Bar chart showing differences in cell volume between 
juvenile and mature carotid body Type I cells (** P<0.00002).  B. Bar chart showing 
differences in the percent of cell volume occupied by mitochondria between juvenile and 
mature carotid body Type I cells (** P< 0.00001).  Ci. 3D reconstruction of deconvolved 
DeltaVision images for an example juvenile Type I cell (Mitotracker, orange; Hoechst 
33342, blue; CellTracker, green).  Cii. Imaris rendered 3D reconstruction of the cell in Ci.  
Ciii. 3D reconstruction of deconvolved DeltaVision images for an example matureType I cell 
(Mitotracker, orange; Hoechst 33342, blue; CellTracker, green).  Civ. Imaris rendered 3D 
reconstruction of the cell in Ciii. Scale bar is 1.5 μm in all images. 
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Figure 8 
 
Schematic showing method for assessing mitochondrial staining within 1 μm of the plasma 
membrane.  The radius of the new surface (yellow) is set to the original dark green 
CellTracker surface radius – 1 μm. 
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Figure 9A demonstrates this relationship in a bar chart.  Figure 9B is a 3-D reconstruction of 
deconvolved DeltaVision images for representative juvenile and mature Type I cells. 
 
PERCENTAGE OF TOTAL MITOCHONDRIA LOCATED WITHIN ONE 
MICROMETER OF THE PLASMA MEMBRANE 
  
The percentage of total mitochondria located within one micrometer of the plasma 
membrane in juvenile rat CB Type I cells was calculated to be 36.95 ± 6.27 %, while mature 
rat CB Type I cells was 33.70 ± 6.98 %.  There was not a significant difference in the 
percentage of total mitochondria located within one micrometer of the plasma membrane 
between juvenile and mature cells.  A proportional amount of mitochondria is located within 
one micron of the membranes of both juvenile and mature cells.  Figure 10 demonstrates this 
relationship in a bar chart.  Thus the fall in mitochondrial volume is a general reduction 
throughout the cytoplasm, rather than a targeted fall within one micrometer of the plasma 
membrane.   
 
MITOCHONDRIAL STUDIES IN SUPERIOR CERVICAL GANGLION CELLS 
All protocols were followed precisely to ensure living and viable cells.  Specific 
criteria were established which cells must have met in order to be selected for this study.  An 
ideal model presented as a single, isolated, non-clustered cell possessing an intact plasma 
membrane. These tasks were simplified with the CellTracker dye, which clearly delineated 
the plasma membrane and its boundaries.  Only the average mitochondrial volume, cell 
volume and percent mitochondrial volume relative to cell size, for juvenile (from 4-6 day old 
rats, n = 30) and mature (14-16 day old rats, n = 20) SCG cells were computed.  Data are  
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Figure 9 
 
Total mitochondrial volume within one micron of the plasma membrane in juvenile and 
mature carotid body Type I cells.  A. Bar chart showing differences in plasma membrane 
associated mitochondria between juvenile and mature carotid body Type I cells (**P< 0.004).  
Bi. 3D reconstruction of deconvolved DeltaVision images for an example juvenile Type I 
cell (Mitotracker, orange; CellTracker, green). Bii. Imaris rendered 3D reconstruction of the 
cell in Bi. Biii. 3D reconstruction of deconvolved DeltaVision images for an example 
matureType I cell (Mitotracker, orange; CellTracker, green). Biv. Imaris rendered 3D 
reconstruction of the cell in Biii. Scale bar is 1.5 μm in all images. 
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Figure 10 
Percent of total mitochondrial volume in cell within one micron of the plasma membrane in 
juvenile and mature carotid body Type I cells.  Bar chart showing differences between total 
percent of mitochondria associated with the plasma membrane. 
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presented as mean ± standard error of mean.  Unpaired student’s t-test was used to determine 
there was no significant difference between individual means. 
 
MITOCHONDRIAL VOLUME 
   The average total mitochondrial volume calculated for juvenile rat SCG cells was 
14.0±1.2 μm3, while mature rat SCG cells was 14.5±1.5 μm3.  Juvenile cells (n=30) 
presented with no significant difference in the volume of mitochondria when compared to 
mature cells (n=20).  Juvenile cells contained approximately equal amounts of mitochondria 
in SCG cells as mature.  Figure 11A demonstrates this relationship in a bar chart.  Figure 11B 
demonstrates a 3-D reconstruction of deconvolved DeltaVision images for representative 
juvenile and mature SCG cells. 
 
CELL VOLUME 
 The average total cell volume of juvenile rat SCG cells was calculated to be 
578.4±25.6 μm3, while mature rat SCG cells were 619.8±41.4 μm3.  Juvenile cells were 
found to have no significant difference when compared to mature cells.  Juvenile cells were 
approximately the same size as the mature cells.  Figure 12A shows a bar chart 
demonstrating the difference in cell volume between juvenile and mature cells.  A 3-D 
reconstruction of deconvolved DeltaVision images for representative juvenile and mature 
SCG cells is shown in Figure 12C.  
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MITOCHONDRIAL VOLUME CORRESPONDING TO CELL SIZE 
 
 The percent volume of mitochondria relative to cell size in juvenile rat SCG cells was 
calculated to be 2.42 ± 0.24%, while mature rat CB Type I cells was 2.60 ± 0.37%.  Juvenile 
cells showed no significant difference in the volume of mitochondria relative to cell size 
when compared to mature cells. Figure 12B demonstrates this relationship in a bar chart.       
 
METABOLIC RATE TRIALS 
 As previous experiments demonstrated a fall in mitochondrial number within the 
mature cells, methods were devised to investigate whether this decrease had an effect on 
metabolic rate in CB Type I cells.  Initial studies examined the possibility that a dye (C12-
Resazurin) could be used to monitor the cell vitality to determine metabolic rate.  Resorufin, 
the reduced form of Resazurin, is manufactured via the reduction of the mitochondrial 
electron transport chain (see figure 5 in methods) and can be measured using fluorescence 
microscopy. 
 
SPECTROPHOTOMETRY WITH HEK 293 CELLS 
 First, whole populations of HEK 293 cells were examined using fluorescence 
spectrophotometry.  This cell type was used to confirm that the presence of the dye was 
capable of measuring metabolic rate.  Contrary to expectation, fluorescence fell over time 
rather than increase in the HEK cell population (see figure 13A).  Control fluorescence (wells 
filled with dye alone) was taken into account (figure 13B) and a rise in resorufin fluorescence 
was observed (figure 13C).  However, an unusual bleaching phenomenon was seen when 
using the spectrophotometry method resulting in presentation of inaccurate data.  
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Figure 11 
Total mitochondrial volume in juvenile and mature superior cervical ganglion (SCG) cells.  
A. Bar chart showing no significant difference in mitochondrial volume between juvenile and 
mature superior cervical ganglion cells. Bi. 3D reconstruction of deconvolved DeltaVision 
images for an example juvenile SCG cell (Mitotracker, orange; Hoechst 33342, blue). Bii. 
Imaris rendered 3D reconstruction of the cell in Bi. Biii. 3D reconstruction of deconvolved 
DeltaVision images for an example mature SCG cell (Mitotracker, orange; Hoechst 33342, 
blue). Biv. Imaris rendered 3D reconstruction of the cell in Biii. Scale bar is 1.5 μm in all 
images. 
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Figure 12 
Total cell volume and percent volume of mitochondria relative to cell size in juvenile and 
mature superior cervical ganglion (SCG) cells.  A. Bar chart showing no significant 
difference in cell volume between juvenile and mature superior cervical ganglion cells.  B. 
Bar chart showing no significant difference in the percent of cell volume occupied by 
mitochondria between juvenile and mature SCG cells.  Ci. 3D reconstruction of deconvolved 
DeltaVision images for an example juvenile SCG cell (Mitotracker, orange; Hoechst 33342, 
blue; CellTracker, green).  Cii. Imaris rendered 3D reconstruction of the cell in Ci.  Ciii. 3D 
reconstruction of deconvolved DeltaVision images for an example mature SCG cell 
(Mitotracker, orange; Hoechst 33342, blue; CellTracker, green).  Civ. Imaris rendered 3D 
reconstruction of the cell in Ciii. Scale bar is 1.5 μm in all images. 
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Figure 13 
Experimental data obtained from 96-well plate reader (Tecan) with HEK 293 cells in DMEM 
media   A. Line graph demonstrating cellular fluorescence of Type I cells loaded with 
Resazurin dye at an emission of 587nm.  B.  Line graph showing the control experiment of 
fluorescence of Resazurin without Type I cells at an emission of 587nm.  C.  Line graph 
representing the normalization of the fluorescence by experimental data by the initial 
measured value at an emission of 587nm.   
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Additionally, juvenile carotid bodies could potentially yield various numbers of Type 
I cells in comparison to mature carotid bodies.  This could lead to a display of signals varying 
in intensities, thus making data difficult to interpret unless absolute cell numbers were 
known.  Another technique was therefore developed to measure the generation of resorufin. 
 
CONFOCAL MICROSCOPY WITH HEK 293 CELLS 
    Confocal microscopy allowed the production of resorufin to be measured in individual 
cells.  This was initially examined with HEK 293 cells to confirm the method was accurate 
and minimize animal use. (See figure 14)  Data is presented as the average ± standard error 
of the average in arbitrary fluorescent units (AFU), with a cell population of n=7.  A control 
experiment was also performed with the HEK 293 cell population (n=3).  (For all confocal 
microscopy data using HEK 293 cells see Appendix I) 
 
CONFOCAL MICROSCOPY WITH JUVENILE AND MATURE CB TYPE I CELLS 
     Confocal microscopy was performed for the analysis of Type I cell metabolic activity 
once clear results were confirmed using the HEK 293 cell population.  For mature (n=57) and 
juvenile (n=140) populations, it was found that after 10 minute and 30 minute readings, the 
rate of accumulation of dye was not significantly different in mature Type I cells when 
compared to juvenile Type I cells.  The accumulation of the dye demonstrates the C12-
resazurin is being reduced in the mitochondria of the Type I cell via the electron transport 
system.  An experiment with cyanide (2mM) was also run to inhibit oxidative 
phosphorylation.  (See figure 15)  In this experiment no resorufin accumulated.  It has been 
proven that cyanide inhibits mitochondrial electron transport.  The fact that no fluorescent 
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dye accumulated confirms that the conversion process to resarufin is solely produced via 
reduction by mitochondria and not other cellular reductases.  Both juvenile and mature Type 
I cells without C12-Resazurin were used for controls in the experiments to measure any 
autofluorescence naturally occurring.  Type I cell data is presented as average fluorescence 
measured in AFU.  (T0 in all three experiments was equal to zero) (For all confocal 
microscopy data using CB Type I cells see Appendix II) 
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Figure 14 
Experimental data obtained from confocal microscope (Sectraphysics) with HEK 293 cells in 
HEPES media.  A.  Line graph demonstrating raw experimental fluorescence using Resazurin 
dye versus control data fluorescence without Resazurin dye at an emission of 587nm.  B.  
Line graph representing the normalization of data with F1/F0 fluorescence values at an 
emission on 587nm.  C.  Photograph of HEK 293 cell demonstrating the method of analysis 
in order to obtain values of fluorescence intensities.  Both cytoplasmic and background 
fluorescence were determined.   
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Figure 15 
Line graph measuring fluorescence of the accumulated resorufin in order to demonstrate 
metabolic rate of both juvenile and mature CB Type I cells.  Also shows experiment using 
cyanide to represent inhibition of the hypoxic response.  Juvenile and mature Type I cells 
without C12-Resazurin were used to serve as controls in the experiment. 
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IV:  DISCUSSION 
  
The results of this thesis demonstrate two main discoveries: a significant drop in 
mitochondrial volume from the juvenile CB Type I cell to the mature CB Type I cell, and the 
observation that the mitochondria remaining in the mature CB Type I cell maintain the same 
level of metabolic rate as the juvenile cells.  Each of these topics will be addressed 
sequentially with possible explanations for these experimental findings.   
 There are several thoughts about why we see a fall in mitochondrial volume during 
the maturation of Type I cells.  First, Type I cells are actively proliferating under normoxic 
conditions following birth.  As the development process progresses, Type I cells cease to 
divide in the mature CB once differentiation has occurred  (Wang and Bisgard, 2005).  
Hence, suggesting that the energy requirement of these cells, post-differentiation, potentially 
is considerably less; therefore, fewer mitochondria are required.   
 Second, it is known that in nerves, mitochondria are enriched at sites of high-energy 
demand, such as active synapses (Li and Rempe, 2010).  Unlike juvenile dividing Type I 
cells, mature Type I cells form active synapses with the carotid sinus nerve (Wang and 
Bisgard, 2005), thus indicating the possibility of mitochondrial clustering at these specific 
locations once differentiation has occurred.   
 Thirdly, as rats mature their environment changes, such that they spend a majority of 
their juvenile time under their mother (a potentially hypoxic environment) to free, roaming 
normoxic conditions as mature adults. The presence of a protein known as hypoxia 
upregulated mitochondrial movement regulator (HUMMR) has been identified in abundance 
during hypoxic situations.  Expression of HUMMR helps the organism to adapt to the lack of 
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oxygen and is correlated with the increase in mitochondria at this time.  Exposure to 
normoxic environments marks a loss of this protein and its function, greatly affecting 
mitochondrial transport (Li & Rempe, 2010).  This conversion from hypoxic to normoxic 
environments for the developing rat pups might influence mitochondrial numbers.  A 
transcription factor called hypoxia-inducible factor 1 (HIF-1) is also found to have increased 
presence and activity during hypoxic conditions (Li & Rempe, 2010).  It has been previously 
shown that HIF-1, in hypoxic conditions, has an impact on mitochondrial distribution and 
induces expression of targets that ultimately help the cell to adapt in the absence of oxygen.  
One of these newly identified specific targets of HIF-1 is HUMMR (Li & Rempe, 2010).         
Lastly, mitochondria are dynamic organelles whose population is regulated by a 
balance of fusion and division.  An imbalance of these activities can lead to modified 
morphology associated with many pathological conditions (Tamura et al, 2011).  
Mitochondrial movement to areas of high ATP concentration and Ca2+ signaling within the 
cell are coordinated by shaping proteins to provide proper mobility.  These mitochondrial 
shaping proteins have also been reported to play a role in autophagy (Campello and 
Scorrano, 2010).  Autophagy is a process in which degradation of cellular components occur 
via encapsulation of a structure known as an autophagosome (Youle and Narendra, 2011).  
This process is extremely important in the maintenance of cellular homeostasis.  A specific 
type of autophagy has been discovered in relation to mitochondria known as the process of 
mitophagy.  Mitophagy mediates the selective removal of mitochondria.  This term was 
coined by Lemasters and colleagues to describe the engulfment of mitochondria by a vesicle 
coated in an autophagosome marker known as MAP1 light chain 3 (MAP1LC3).  This 
process controls the turnover rate of mitochondrial numbers in order to meet the fluctuating 
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metabolic requirements (Youle and Narendra, 2011).  AMP activated protein-kinase is 
critically involved in mitophagy (Egan et al, 2011).  Interestingly, AMPK has also been 
implicated in hypoxic chemotransduction, specifically; linking the inhibition of oxidative 
phosphorylation to the inhibition of the TASK K+ channels in the plasma membrane of Type 
I cells (Wyatt and Evans, 2007).  It is a possibility that as the AMPK enzyme cascade 
develops, it drives the process of mitophagy to reduce mitochondrial number throughout 
maturation of the Type I cells.  This is demonstrated in figure 16 where in the presence of 
AMPK, mitochondrial quantity is greatly reduced when compared to the absence of AMPK.   
 
Metabolic Rate 
 There are also several theories as to why there is an increase in oxidative 
phosphorylation in correlation to the fall in mitochondrial number seen during 
maturation of the acute hypoxic response.  It has been observed that despite the large 
decrease in the mitochondrial volume, the mature Type I cells have the same apparent rate of 
cellular oxidative phosphorylation as juvenile Type I cells.  In order to accomplish this, the 
reduced number of mitochondria must be working harder.  If this is true, then what effect 
might this have on oxygen-sensing?   
Firstly, the drop in mitochondrial number may reduce the oxygen affinity of 
cytochrome c (Gnaiger et al, 1998).  It is well established that the Km for oxygen in 
mitochondria is dependent on energy state (Petersen et al, 1974).  Thus by increasing the rate 
of oxidative phosphorylation it is likely that Type I cell mitochondria in mature Type I cells 
are more susceptible to inhibition by hypoxia than their juvenile counterparts.  Consequently, 
it is possible that the development of O2-sensitivity in rat carotid body Type I cells may be  
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Figure 16 
Figure demonstrating in the presence of AMPK (+/+) in hepatocytes, mitochondrial quantity 
is greatly reduced when compared to the absence of AMPK (-/-) (Egan et al, 2011).  Tom 20 
is a protein expressed in mitochondria. 
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attributed to mitochondrial plasticity during the first two weeks of life.  This suggests that 
less severe hypoxia would inhibit oxidative phosphorylation in mature Type I cells.  Thus, 
the fall in mitochondrial number in combination with their increase in activity, may explain 
why it has been observed that mitochondria in mature Type I cells are inhibited by less 
severe hypoxia than non-oxygen cells (Mills and Jobsis, 1972; Duchen and Biscoe, 1992a, 
b).  A specialized low affinity cytochrome in the Type I cells, as suggested by Mills and 
Jobsis, may not necessarily be responsible for the oxygen sensitivity of mature Type I cells.  
Perhaps, it is a change in the mitochondrial environment (number/activity), which underpins 
the unusual oxygen sensitivity of the cytochrome.  The fact that the mitochondria in the 
mature Type I cells are working faster could be what is causing the decrease in the oxygen 
affinity of cytochrome c (Petersen et al, 1974, Krab et al, 2011).   
Alternatively, mitochondrial sensitivity to hypoxic conditions may not increase and 
juvenile mitochondria may be inhibited by the same level of hypoxia as mature mitochondria.  
However, with fewer mitochondria working in the mature Type I cells, they are in a more 
energetically demanding position.  Hypoxic inhibition of oxidative phosphorylation could 
possibly have a greater effect on ATP production in cells with less mitochondria.  Even if the 
oxygen affinity of cytochrome c remains the same in juvenile and mature Type I cells, 
inhibiting oxidative phosphorylation in mature cells might lead to a much larger decrease in 
ATP production especially near the membrane.  This most likely will have a larger activating 
effect on the transduction mechanisms that couple ATP production to Type I cell excitability 
(Wyatt and Evans, 2007; Varas, Wyatt and Buckler, 2007).  These hypotheses provide 
possible explanations as to why the mature cells are more sensitive to hypoxia than the 
juvenile cells.  
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FUTURE EXPERIMENTS 
 
NADH AUTOFLUORESCENCE 
 
 It has been shown that the basis for hypoxic chemotransduction in the CB is the 
unusual oxygen-sensitivity of the Type I cell mitochondrial electron transport system 
(Duchen and Biscoe, 1992a, Duchen and Biscoe, 1992b).  An important future study would 
be to measure the extent to which the oxygen-sensitivity of cytochrome c has changed.  If 
cytochrome c is inhibited by hypoxia, this will cause a build up of electrons within the 
electron transport chain, ultimately causing an accumulation of NAD(P)H in the cytoplasm.  
By measuring the fluorescence of this NAD(P)H (excitation 340-360nm and emission 
450nm), a change in the sensitivity of oxidative phosphorylation when exposed to various 
levels of hypoxia could be better understood.  Indeed, we do not yet know if juvenile 
mitochondria are less sensitive to hypoxia, however, the NAD(P)H autofluorescence 
experiment should demonstrate any differences in oxygen-sensitivity between the juvenile 
and mature cells.  
 
CHRONICALLY HYPOXIC ENVIRONMENT 
It has been shown previously that when fetal animals are exposed to a chronically 
hypoxic environment, there is an inhibition of respiratory movements.  Furthermore, when 
animals are born and raised in chronically hypoxic conditions, their ability to develop the 
acute hypoxic ventilatory response is blunted or absent (Eden & Hanson, 1987).  It is 
possible that the blunting of the acute hypoxic response has arisen because of an effect on 
mitochondria in the Type I cells.  This could easily be tested using the methods described in 
this thesis.   
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An attempt to raise neonatal rat pups in a chronically hypoxic environment was made 
using a hypobaric chamber and oxygen-sensing probe.  While trying to acclimatize the 
pregnant female rat to 10% oxygen, the rat proved to be in an extremely stressed state, which 
ultimately caused an overdue birth date and stillborn pups.  There were a few variables that 
have factored into this unsuccessful attempt.  Firstly, the pregnant female rat was not a 
proven breeder, but rather a first-time mother.  Perhaps by ordering a proven breeder the date 
of birth predicted would be more accurate and the probability of stillborn pups reduced.  
Secondly, the time in which the pregnant female rat was acclimatizing to the hypoxic 
environment was quite rapid (approximately twenty-four hours).  Perhaps if the time period 
of the process were to be extended, the level of stress for the mother rat would be greatly 
decreased and ultimately result in the birth of healthy pups.      
 Lastly, it has also been previously demonstrated that when animals are raised in a 
chronically hyperoxic environment, the development of the acute hypoxic ventilatory 
response is blunted in a similar manner as that seen in a chronically hypoxic environment 
(Carroll et al, 2009).  Perhaps by using the hyperoxic conditions, it would allow for the 
pregnant female rat to more easily adjust and give birth while in a less stressed state.  Once 
the rat pups have matured to the 14-16 day range, dissection and dissociation of the CBs 
could take place and proceed with experiments comparing mitochondria between mature 
Type I cells of rats raised in hyperoxia and those raised in normoxia.   
      
CONCLUSION 
As Type I cells develop a hypoxic response, there is a significant reduction in 
mitochondrial volume.  This reduction in mitochondria is not paralleled with a drop in the 
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rate of cellular metabolic rate as Type I cells mature.  Therefore, the rate of oxidative 
phosphorylation by mitochondria must be increased in mature Type I cells.  The fall in 
mitochondrial volume and increase in the rate of mitochondrial oxidative phosphorylation 
may underpin the development of oxygen-sensitivity in carotid body Type I cells (Petersen et 
al, 1974, Krab et al, 2011).   
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V: APPENDIX I 
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Table 1 
Table demonstrating confocal microscopy results using HEK 293 cells to measure changing 
fluorescence in order to show metabolic rate of the cell population. 
 
Reading Time 
(T0-T12) 
Average Fluorescence 
Measured in (AFU) 
Standard Error 
(SE) 
T0 611.29 130.84 
T1 779.27 165.15 
T2 964.07 161.23 
T3 1097.85 172.61 
T4 1295.32 166.22 
T5 1418.86 165.38 
T6 1604.04 159.03 
 
 
 
 
 
 
 
 
 
 
T7 1761.55 152.95 
T8 1903.13 166.59 
T9 2033.30 177.11 
T10 2180.92 197.90 
T11 2243.45 185.82 
T12 2287.10 193.56 
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Table 2 
Table demonstrating confocal microscopy control experiment results using HEK 293 cell 
population.  
 
Reading Time 
(T0-T12) 
Average Fluorescence 
Measured in (AFU) 
T0 0.33 
T1 3.07 
T2 10.37 
T3 19.83 
T4 27.94 
T5 37.97 
T6 45.82 
 
T7 48.94 
T8 60.37 
T9 74.73 
T10 93.62 
T11 105.82 
T12 116.33 
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VI: APPENDIX II 
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Table 3 
Table demonstrating confocal microscopy results using mature CB Type I cells to 
demonstrate metabolic rate.  
 
Reading Time 
(T1-T7) 
Average Fluorescence 
Increase 
Measured in (AFU) 
Standard Error 
(SE) 
T1 40.62 6.49 
T2 79.33 9.16 
T3 106.39 12.33 
T4 128.12 13.73 
T5 160.52 16.61 
T6 186.92 18.85 
T7 227.46 21.62 
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Table 4 
Table demonstrating confocal microscopy results using juvenile CB Type I cells to 
demonstrate metabolic rate.  
 
Reading Time 
(T1-T7) 
Average Fluorescence 
Increase 
Measured in (AFU) 
Standard Error 
(SE) 
T1 48.66 4.63 
T2 89.52 7.41 
T3 127.17 9.73 
T4 161.14 11.81 
T5 187.44 14.15 
T6 202.22 15.67 
T7 219.76 17.07 
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Table 5 
Table demonstrating confocal microscopy results using mature CB Type I cells with cyanide 
to demonstrate an inhibition of the hypoxic response.  
 
Reading Time 
(T1-T7) 
Average Fluorescence 
Increase 
Measured in (AFU) 
Standard Error 
(SE) 
T1 1.42 1.22 
T2 6.29 2.41 
T3 1.95 2.08 
T4 .97 2.52 
T5 .01 3.33 
T6 -3.97 2.94 
T7 -.87 3.91 
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